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The distributed, apparently random pattern of odorant receptor expression is thought to reflect a stochastic
choice process. In this issue of Developmental Cell, Song et al. (2012) suggest that the Drosophila pattern is
established secondarily from regionally specified cell populations through changes in transcription factor
expression and cell migration.The functional architecture of olfactory
systems is remarkably conserved across
phyla. Olfactory receptor neurons (ORNs)
of insects and vertebrates typically ex-
press a single odorant receptor (OR)
from a much larger genomic repertoire
(Vosshall et al., 1999; Mombaerts, 2004).
ORNs expressing the same receptor are
confined to circumscribed zones but are
randomly scattered within their domain,
interspersed with neurons expressing
other ORs (Vosshall et al., 1999; Miyami-
chi et al., 2005). When projecting to the
brain, axons of ORNs expressing the
same OR converge onto one or a pair
of specific glomeruli in the insect anten-
nal lobe or vertebrate olfactory bulb,
respectively.
Despite these deceptive resemblances,
insect and vertebrate ORs are unrelated,
as are the molecular mechanisms that
regulate OR expression and axon projec-
tion. These processes, however, are not
well understood in either case. The seem-
ingly random OR organization is thought
to arise from a stochastic and cell-auton-
omous choice process that promotes
expression of the same OR in distant
neurons across a zone, resulting in neigh-
boring neurons that express unrelated or
unlinked receptors.
In Drosophila, several transcriptional
regulators (e.g., Pdm3 and Acj6; Ray
et al., 2007; Tichy et al., 2008) and cell-
fate programs (e.g., Notch signaling;
Endo et al., 2011) specify expression of
OR subsets in a successive, perhaps hier-
archical, fashion. Song et al. (2012) ask
whether theDrosophilaOR pattern results
from the stochastic activation of alterna-
tive developmental programs or from the
specification of ORN lineages by region-
ally expressed determinants in the pupal240 Developmental Cell 22, February 14, 201antennal disc. The paper shows that the
apparently random OR pattern results
from region-specific expression of tran-
scription factors, stochastic switching of
their expression, and active migration of
sensilla.
The fruit fly olfactory sense organs
are located on the third antennal seg-
ment and themaxillary palp, both of which
develop from the larval eye-antennal
imaginal disc (Figure 1). Together they
harbor between 2,000 and 3,000 ORNs
that express a total of 60 ORs (Vosshall
et al., 1999) and are organized into 1,100
sensilla (Shanbhag et al., 1999). Distinct
sensilla subtypes are characterized by
a stereotypical arrangement of up to four
ORNs per sensillum that express specific
OR combinations.
Using clonal analysis, the authors show
that nascent sensilla migrate across a
large antennal territory starting around
24 hr after puparium formation (APF), con-
sistent with the idea that active migration
contributes to the distributed OR pattern.
However, OR expression does not strictly
correlate with the clonal origin of sen-
silla, suggesting that additional mecha-
nisms might be at work to specify OR
expression.
The authors therefore revisit early posi-
tional markers in the antennal disc. They
examine the expression patterns of the
segment polarity gene engrailed (en),
which marks posterior boundaries of
body segments and haswidespread func-
tion in the nervous system (Blagburn,
2008), and the transcriptional corepressor
dachshund (dac). In the larva, both factors
are localized in contiguous expression
domains, with en restricted to the poste-
rior compartment of the antennal disc
and dac expressed in a partially overlap-2 ª2012 Elsevier Inc.ping pattern (Figure 1). The coherent
pattern becomes gradually more dis-
rupted during early pupation: beginning
at 7 hr APF, ‘‘misplaced’’ en-positive and
en-negative cells can be detected in
the anterior and posterior compartment,
respectively.
To determine whether these cells arise
from cell dispersal or changes in gene
expression, Song et al. (2012) again use
clonal analysis and find that single so-
matic clones generated in either com-
partment contain both en-positive and
en-negative cells. However, contrary to
their observations in the late pupa, they
do not observe substantial cell migration
at this early time point (prior to sensilla
formation), suggesting that some cells
may switch their en expression state. To
test this idea further, the authors express
the photoswitchable reporter Kaede,
which undergoes a change from green
to red fluorescence upon UV illumination,
from the en promoter. In this assay, cells
that express en at the time of UV illumina-
tion will become red. When flies are
exposed to UV light at 12 hr APF and
analyzed at 24 hr APF, virtually all en-posi-
tive sensilla show red fluorescence, sug-
gesting that en expression is stable
by 12 hr APF. In contrast, the authors
observe many green fluorescent en-
expressing cells when photoconversion
is induced at earlier time points. These
observations support the idea that en
expression is dynamic in the early pupa
and that the ‘‘misplaced’’ cells may
originate from a switch in en expres-
sion, but not from migration between
compartments.
The En and Dac expression pattern is
significant because it correlates with OR
expression in sensilla. Indeed, 12 of the
Figure 1. Establishment of the OR Expression Pattern in Drosophila
The two peripheral olfactory tissues, the maxillary palp (p) and the antenna (AI, AII, AIII, Ar) derive from the larval eye-antennal imaginal disc. The disc is patterned
by the regional expression of the homeodomain-containing transcription factor Engrailed (En) and the transcriptional corepressor Dachshund (Dac). En expres-
sion is initially restricted to the posterior compartment of the disc and Dac is expressed in a horseshoe pattern partially overlapping with the En domain. Thus,
developing sensilla are exposed to all four different combinations of En and Dac, which govern expression of specific OR subsets. As a first step to increasing the
distribution of these fates, founding cells switch En expression on or off during the first 12 hr after puparium formation (12 hr APF), breaking the uniform expression
pattern. During later pupal stages, prespecified olfactory sensilla migrate within the antennal tissue. The combination of prepatterning by En andDac, switching of
En expression, and active migration of sensilla creates the apparently random distribution of OR gene expression within the antenna.
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strictly correlated with different com-
binations of en and dac expression (en+/
dac, en+/dac+, en/dac+, or en/dac).
Furthermore, the authors show that En
and Dac are instructive for OR ex-
pression, given that hypomorphic alleles
or RNA interference of the two genes
cause a subtype-specific reduction of
OR expression. Conversely, gain-of-func-
tion experiments driving en expression
in en/dac+-positive sensilla resulted in
partial conversion to an en+/dac+ sensilla
subtype. Together, these results suggest
that the combinatorial activity of En and
Dac in developing sensilla specifies OR
expression, but does not exclude the pos-
sibility that En has a much earlier role in
specifying sensilla subtypes rather than
OR expression directly.
Thus, the combinatorial expression of
en and dac, dynamic changes in their ex-
pression, and active migration of sensilla
across the antenna together may explain
the adult Drosophila OR pattern. Rather
than originating from a stochastic choice
process, it appears that the seemingly
random pattern is achieved secondarily
after cell populations have been specified
by regionally expressed cell-fate determi-nants. The proposed mechanism does
contain at least one random element,
which is the switch of en expression in
the early pupa. This additional step might
further increase the territory over which
any given OR is distributed, given that
migrating sensilla remain within their ante-
rior or posterior compartment of origin.
What might be the functional signifi-
cance of the distributed OR pattern? The
rather broad distribution of ORs across
the antennal surface may be important
for some unrevealed aspect of olfactory
processing—for instance, the detection
of directional odor cues. Whether related
mechanisms pattern the rodent olfactory
system, where OR expression is also ran-
dom within a zone, remains open. Verte-
brate ORNs have a limited lifetime and
are continuously replaced via neuro-
genesis in adults. Thus, immotile stem
cells or committed progenitor cells might
‘‘remember’’ a zonal arrangement of OR
expression that was established in the
early embryo. Cell migration during ORN
maturation could further contribute to
the random appearance of the final
pattern.
Pattern formation and control of OR
expression in the olfactory system haveDevelopmental Cell 22,been mysterious ever since the discovery
of OR genes more than 20 years ago
(Buck and Axel, 1991). We are only now
beginning to understand the complex-
ity and interdependence of the many pro-
cesses that are involved.
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